To elucidate the biochemical pathways leading to spontaneous apoptosis in primary cultures of human and rat hepatocytes, we examined the activation of the caspase cascade, the expression of Bcl-2-related-proteins and heat shock proteins. Comparisons were made before and after dexamethasone (DEX) treatment. We show that DEX inhibited spontaneous apoptosis in a dose-dependent manner. DEX increases the expression of anti-apoptotic Bcl-2 and Bcl-x L proteins, decreases the expression of pro-apoptotic Bax and inhibits Bad translocation thereby preventing the release of cytochrome c, the activation of caspases, and cell death. Although, the expression of Hsp27 and Hsp70 proteins remained unchanged, the oncogenic protein c-Myc is upregulated upon DEX-treatment. These results indicate that DEX mediates its survival effect against spontaneous apoptosis by acting upstream of the mitochondrial changes. Thus, the mitochondrial apoptotic pathway plays a major role in regulating spontaneous apoptosis in these cells. Blocking this pathway therefore may assist with organ preservation for transplant, drug screening, and other purposes. Cell Death and Differentiation (2002) 9, 945 ± 955.
Introduction
The mechanisms that regulate programmed cell death are essential for normal development and for the maintenance of homeostasis. Several recent studies have addressed the role of apoptosis in liver physiology and pathology. Apoptosis is rarely detected in healthy adult liver, however, a significant increase in apoptosis can be observed upon treatment with cytokines or chemicals (e.g., transforming growth factor-b 1 (TGF-b 1 ), anti-Fas/ APO-1 antibody, cycloheximide), during liver regression, or under certain clinical situations (e.g., viral hepatitis). 1 ± 4 Since the liver is the largest internal organ of the body and performs a wide range of vital biochemical processes, the occurrence of uncontrolled apoptosis may cause impaired hepatic functions which could lead to aberrations in other organ systems and ultimately to death. Thus, the knowledge of the molecular mechanisms inducing or inhibiting apoptosis in general has provided important insights into the causes of multiple diseases where aberrant cell death regulation occurs, and has revealed new approaches for identifying small drugs for more effectively treating these illnesses. 5 In ex vivo cultures of primary hepatocytes, liver-specific functions rapidly decrease and cell survival does not exceed a few days 6 due to spontaneous apoptosis. 7 ± 9 These phenotypic changes constitute a major limitation in the use of hepatocytes in primary cultures for various applications such as pharmacology and toxicology. Although the molecular mechanisms of death-receptor signalling have been largely elucidated, the mechanisms that regulate spontaneous apoptosis are still unknown in these cells.
Apoptosis is a complex process regulated by the molecular interactions of various gene products. 10 One of the major classes of gene products that induces apoptosis is the caspase family. The effector caspase, caspase-3, appears to act at the most downstream point in apoptosis. It has been reported to activate a caspase-activated deoxyribonuclease (CAD) through cleavage of its inhibitor (ICAD), leading to DNA fragmentation. death receptor pathway, 12 whereas caspase-9 serves as the apical caspase of the mitochondrial pathway. 13 The death receptor pathway can be induced by members of the TNFfamily of cytokine receptors, such as TNFR1 and Fas. These proteins recruit adapter proteins to their cytosolic death domains, including FADD, which then bind death effector domains containing procaspases, particularly procaspase-8. The mitochondrial pathway can be activated by release of cytochrome c from mitochondria, induced by various molecular mechanisms, including elevations in the levels of pore forming pro-apoptotic Bcl-2 family proteins, such as Bax and Bad, or physical disruption of the outer membrane as a result of mitochondrial matrix swelling. In the cytosol, cytochrome c binds and activates Apaf-1, allowing it then to bind and activate procaspase-9. Active caspase-9 and caspase-8, cleave and activate the effector protease caspase-3, which in turn activates other caspases and directly cleaves cell death substrates, thus orchestrating the biochemical execution of programmed cell death.
14 Though capable of operating independently, crosstalks between these pathways can occur at multiple levels. 5 The function of both pathways can be greatly modified by inclusion of endogenous apoptosis inhibitory proteins, such as the antiapoptotic members of the Bcl-2 family (Bcl-2 and Bcl-x L ), 15 ± 17 or the members of the heat shock proteins family (Hsp27, Hsp60 and Hsp70).
Several other proteins, downstream caspases, have been shown to participate in the regulation of apoptosis, including the c-Myc, CAS and TIAR proteins. The c-Myc and CAS proteins have been implicated in oncogenesis and apoptosis, promoting both cell division and cell death. 18 A correlation in the levels of protein expression of c-Myc, CAS, Bcl-2 family members and caspase-3 in numerous hepatic malignancies has been observed. 19, 20 TIAR is supposed to be involved in stress-induced apoptosis. It triggers DNA fragmentation in permeabilized thymocytes and its expression diminishes in the nucleus and rises simultaneously in the cytoplasm during the induction of death receptor pathway. 21 In this study, we found that DEX inhibits spontaneous apoptosis in primary cultures of both human and rat hepatocytes, in a dose-dependent manner, by acting upstream of mitochondrial changes. DEX decreases the expression of Bax, inhibits Bcl-2 and Bcl-x L downregulation, and Bad translocation from the cytosol to mitochondria, suppresses cytochrome c release and caspase activation. We speculate therefore that arresting the mitochondrial pathway may enhance ex vivo hepatocyte survival, finding applications for organ transplant, drug screening, and other purposes.
Results
Dexamethasone treatment of human and rat hepatocytes prolongs cell viability in a dose-dependent manner It has been shown that spontaneous apoptosis occurs in some cell types in vitro in response to nutrient deprivation and to growth factor withdrawal. 22 We previously demonstrated that apoptosis was spontaneously activated in primary human and rat hepatocytes cultivated ex vivo and that dexamethasone significantly prevented this process. 9 In this study, we wished to determine the mechanism by which DEX protects against spontaneous hepatocyte apoptosis. We first analyzed the effects of increasing concentrations of dexamethasone on hepatocyte viability, by using the MTT dye-reduction assay. 7 As expected, in untreated-(NEG) and DMSO-treated human hepatocytes cultured ex vivo, the percentage of viable cells dropped rapidly after day 5 (Figure 1) . At day 9, only 5 ± 10% of cells remained viable. In contrast, DEX clearly exerts a protective effect from 0.01 mM (30% viable cells) to 50 mM (95% viable cells). The spontaneous loss of viability beginning on day 5 was reversed in a concentration-and timedependent manner in DEX-treated cells, with a maximal effect at 50 mM (Figure 1 ).
To determine whether the effects of dexamethasone on hepatocyte survival are specific to human hepatocytes or are more general in affecting hepatocyte survival in other species as well, we performed similar experiments as described below using primary cultures of rat hepatocytes. Based on cell viability, treatment with increasing concentrations of DEX permitted rat hepatocyte survival in a similar fashion to that observed with human hepatocytes (data not shown).
DEX decreases activation of caspase-8 without affecting Fas-L and FADD expression in human primary hepatocyte cultures
We then wished to address the mechanisms by which DEX inhibits spontaneous apoptosis. Death receptor activation or loss of mitochondrial integrity are two major pathways implicated in regulating apoptosis. To investigate the possible changes in death-receptor signalling effectors during spontaneous apoptosis, cell extracts from human and rat hepatocytes after different treatments with DEX were subjected to Western-blot analysis with anti-Fas and anti-Fas-L antibodies ( Figure 2A ). Fas protein levels decreased with time in control human hepatocytes. In contrast, its expression significantly Figure 2 Kinetic study of the expression of Fas, Fas-L, caspase-8, and FADD in human hepatocytes during dexamethasone treatment. (A) The cells were treated with DMSO (0.25%) and DEX (50 mM) for various lengths of time as indicated. Equal amounts of total extracts were loaded onto a SDS 12.5% polyacrylamide gel and transferred to a Hybond-P membrane. The blot was then incubated with anti-Fas (50 ng/ml) or with anti-Fas-L (25 ng/ml) and processed by ECL as described in the Materials and Methods. Similar results were obtained with different concentrations of DEX (0.01 mM, 1 mM and 10 mM). Detection of Tubulin proteins has been included as a control for loading and membrane transfer (Std.). (B) Hepatocytes were treated with DMSO (7) and increasing concentrations of DEX (0.01 mM, 1 mM, 10 mM and 50 mM) for 9 days. The blot was incubated with anti-Fas (50 ng/ml), anti-Fas-L (25 ng/ml), anti-procaspase-8 (25 ng/ml) and anti-FADD (50 ng/ml) antibodies and processed as described in the Materials and Methods. Fold inductions, determined by a densitometry, are given (X), with one corresponding to the level of proteins at T0 (time at the beginning of treatments). The position of the molecular mass markers (MW), are indicated in thousands at the left of panels. Each immunoblot shown here represents the typical result from several independent experiments. The same results were obtained in rat hepatocytes receptor signalling pathway, 12, 23 whereas caspase-9 serves as the apical caspase of the mitochondrial pathway. 13, 24 As described below, cell extracts from human and rat hepatocytes treated with increasing concentrations of DEX were subjected to Western analysis using antiprocaspase-8 and anti-FADD antibodies ( Figure 2B ). Procaspases are converted in the active subunits during the course of activation. 14, 25 The mouse monoclonal antihuman caspase-8 antibodies used in this experiment recognised the 55/58 kDa procaspase-8 and its 48 kDa active form. The level of expression of procaspase-8 clearly did not significantly change at day 1, but decreased significantly at day 5 in DMSO-treated cells (7), indicating that caspase-8 was fully activated. In parallel, the expression of the active form of caspase-8 was increased at the same time ( Figure 2B ). In contrast, examination of procaspase-8 in DEX-treated cells, revealed a dosedependent decrease in the proportion of processed protease at days 5 to 9. For example, at day 9, procaspase-8 had been entirely consumed in DMSOtreated cells whereas procaspase-8 remained detectable in DEX-treated cells. Similar results were observed for procaspase-2 (data not shown). In parallel, no obvious changes of the adapter protein FADD were detected ( Figure 2B ). Again, similar results were observed using rat hepatocytes (data not shown). These findings concerning procaspase-8 processing correlate with the data obtained for cell viability, demonstrating a dose-dependent protection by DEX.
DEX decreases release of cytochrome c, and inhibits activation of caspase-9 and caspase-3 in primary cultures of human hepatocytes
We performed kinetic studies to analyse the processing of procaspase-9 by Western-blotting. In DMSO-treated cells, the level of expression of procaspase-9 decreased slightly during the experiments to undetectable levels at day 9 ( Figure 3A ), indicating that caspase-9 was activated. The most interesting finding was that caspase-9 was activated with different kinetics than that of caspase-8. Moreover, its activation was inhibited by DEX-treatment, in a time-and concentrationdependent manner. In view of these results, we decided to determine whether the activation of caspase-9 could be coincident with the release of cytochrome c into the cytosol. As shown Figure 3B , DEX treatment is associated with a decrease of cytochrome c level in the cytosol, with a concomitant increase in mitochondrial cytochrome c level, at day 5. These effects were specific, since no change was observed in the expression levels of the Tubulin protein and the mitochondrial matrix protein, Hsp60, respectively ( Figure  3B ). Hsp60 was undetectable in cytosolic fractions, a result which is consistent with the inhibition of procaspase-9 processing at day 5 in DEX-treated cells.
To corroborate the functionality of cytochrome c in the cytosol, we assayed caspase-3 activity in cell extracts ( Figure 3C ). 26 ± 28 At day 5, release of cytochrome c was coincident with the increase in caspase-3 activity in DMSOtreated cells. This release was strongly decreased in the presence of DEX, coincident with the inhibition of caspase-3 activity (fivefold over control with DEX 50 mM ; P50.05). In contrast, DEX caused a concentration-dependent reduction in caspase-3-like protease activity. We further investigated, by Western-blot analysis, whether these changes in proteolytic activity correlated with the cleavage of procaspase-3. As seen in Figure 3A , during the same period (from day 5 to day 9), a decrease in the level of procaspase-3 was observed in DMSO-treated cells, suggesting that the proform of this protease was depleted during activation. In contrast, DEX treatment resulted in a concentration-dependent reduction in procaspase-3 consumption.
TIAR is a member of the RNA-recognition motif family of RNA-binding proteins. 21 Because cytosolic expression of TIAR increases when cells undergo apoptosis associated with DNA fragmentation and caspase-3-like activities, 29 we investigated its potential role in spontaneous hepatocyte apoptosis. We examined TIAR expression in total (TIARt) and cytosolic (TIARc) human hepatocyte extracts by Western-blot analysis. Two related isoforms (42 and 50 kDa) of TIAR have been detected ( Figure 3D ). Timecourse analyses showed an increase of TIARc level in DMSO-treated cells, with increasing time in culture reaching a maximum at day 9 (fivefold; P50.05), while redistribution of TIARc into the cytosol is delayed by DEX in a concentrationdependent manner. By contrast, the expression of TIARt remained unchanged. Identical results were obtained in DEXtreated rat hepatocytes (data not shown).
Overexpression of Hsp27 and Hsp70 have been shown to promote cytoprotection and to rescue cells from apoptosis. 30 Therefore, we examined the potential role of both proteins in human and rat hepatocyte apoptosis by immunoblot analysis. Neither Hsp70 nor Hsp27 levels ( Figure 3A and D) changed significantly upon treatment with DEX. Since Hsp27 and Hsp70 protein levels followed ponceau red staining (data not shown), Hsp27 and Hsp70 were used as controls to demonstrate equivalent protein loading and membrane transfer (Std).
Dexamethasone increases Bcl-2 and Bcl-x L expression, decreases Bax expression and inhibits Bad translocation to mitochondria in a dose-dependent manner Bcl-2 and Bcl-x L have been shown to have anti-apoptotic effects, whereas Bax and Bad act as inducers of apoptosis, with the balance between these molecules modulating apoptotic processes. 10, 31, 32 For these reasons, we decided to analyze whether DEX could modulate the expression of some of the Bcl-2 family proteins by Western blotting ( Figure  4 ). Bcl-2 expression in human hepatocytes was reduced in DMSO treated-cells at day 5 and was hardly detected at day 9 ( Figure 4A ). However, in DEX-treated-cells, the level of Bcl-2 protein significantly increased in a dose-dependent manner ( Figure 4A ). At day 5, Bcl-2 protein reached a maximum (fourfold over control; P50.05) and remained elevated until day 9.
Bcl-x L , and not Bcl-2, is the major anti-apoptotic protein expressed in rat hepatocytes. 4 Like Bcl-2 in human cells, Bclx L considerably decreased in DMSO-treated hepatocytes ( Figure 4B ) from day 5 to day 9 and was hardly detected at day 9. Similarly, DEX treatment upregulated Bcl-x L in rat hepatocytes in a dose-dependent manner. The level of Bcl-x L expression reached a maximum (fourfold over control; P50.05) and remained elevated until day 9. Moreover, no specific Bcl-x S immunoreactive bands (a proapoptotic isoform) were detected even though three different commercially available antibodies were used (data not shown). Figure 3 DEX stabilises procaspase-9 and procaspase-3, and DEX inhibits the release of cytochrome c into the cytosol, the translocation of Bad to mitochondria, and the release of TIAR in the cytosol. (A) Human hepatocytes were cultured with DMSO (0.25%) (7) and increasing concentrations of DEX (0.01 mM, 1 mM, 10 mM and 50 mM) for various lengths of time as indicated. Equal amounts of total protein lysates were loaded on a 12% SDS-polyacrylamide gel, and transferred to a Hybond-P membrane. The blot was then probed with anti-procaspase-9 (50 ng/ml), anti-caspase-3 (50 ng/ml) and anti-Hsp70 (25 ng/ml) antibodies, then processed by ECL as described in Materials and Methods. (B) Human hepatocytes were cultured with DMSO (7) and increasing concentrations of DEX for 5 days as described below. Cytosolic and mitochondrial extracts were separated by 12.5% SDS-polyacrylamide gel electrophoresis and analyzed by immunoblotting with anti-cytochrome c (100 ng/ml) and anti-Bad (50 ng/ml) antibodies. As a control, filters were also analyzed by immunoblotting with anti-Tubulin (100 ng/ml) and with anti-Hsp60 (50 ng/ml) antibodies. Results shown are from one representative experiment of a total of three performed. Similar results were obtained with rat hepatocytes. (C) Time course of caspase-3-like activity. Cytosolic extracts were prepared as described below. Caspase-3-like protease activity was measured with DEVD-AFC using a fluorometric assay. Fold-inductions were calculated with respect to T0 (time at the beginning of treatments) used as the reference (Note.*=P50.05, Means+S.D., n=3). Similar results were obtained with human hepatocytes. (D) DEX decreases TIAR expression in the cytosolic fraction. TIAR expression was analyzed by Western blot in total (TIARt) and cytosolic extracts (TIARc) of control (7) and DEX-treated hepatocytes with anti-TIAR antibody (75 ng/ ml). The 52/55 kDa proteins are indicated by the arrows The levels of Bad protein did not change in response to DEX in total cell extracts ( Figure 4A and B). In contrast, the level of expression of Bax protein is downregulated by treatment with DEX in human and rat hepatocytes in a dose-dependent manner ( Figure 4C ). The susceptibility of cells to spontaneous apoptosis may therefore be regulated in part by the ratio of Bax/Bcl-2 in human hepatocytes and by the ratio of Bax/Bcl-x L in rat ones.
C
To further address the role of Bad in spontaneous apoptosis in hepatocytes, we next investigated the effect of DEX on translocation of Bad from the cytosol to the mitochondrial membrane ( Figure 3B ). We observed an increase in cytosolic Bad protein expression with increasing DEX concentrations, at day 5 by Western blot analysis ( Figure 3B ), coincident with a decrease in mitochondrial Bad protein. In contrast, the levels of Tubulin (used as a control for loading) and mitochondrial matrix protein, Hsp60 (used as a positive mitochondria control) did not change. Hsp60 was undetectable in cytosolic extracts ( Figure 3B) .
It has been shown that PI3-kinase and its downstream target, Akt/PKB, phosphorylates Bad. 33, 34 Phosphorylated Bad is sequestered in the cytosol and is bound to 14-3-3 (7) and increasing DEX concentrations (0.01 mM, 1 mM, 10 mM, and 50 mM), total proteins were extracted and the levels of Bcl-2, Bcl-x L and Bad were analyzed by Western blotting as described in Materials and Methods. Fold inductions were determined as described in Figure 2 . The immunoblots shown here represent the typical result from five independent experiments. In (A) and (B) Bad protein levels demonstrate equivalent protein loading and membrane transfer; MW, molecular weight (in kDa). In (C) the detection of Tubulin proteins has been included as a control for loading and membrane transfer (Std.)
proteins, thereby impeding apoptosis. 35 We found two bands corresponding to the Bad protein in the cytosolic extract. The first band could correspond to phosphorytlated form of Bad. These data suggest that spontaneous hepatocyte apoptosis involves the translocation of Bad to mitochondria as reported by several laboratories. 36 Effects of dexamethasone on the expression of CAS, and c-Myc proteins CAS and c-Myc have been shown to be involved in hepatocyte differentiation and apoptosis. 18, 19 Because CAS and c-Myc expression levels are often correlated with the expression of Bcl-2 family members, we investigated their potential role in spontaneous hepatocyte apoptosis. In vivo, normal hepatocytes revealed no CAS expression. CAS is strongly increased with regenerative proliferation and under pathological conditions such as hepatocellular carcinoma. We found that the expression of the CAS protein was decreased in human hepatocytes treated with increasing concentrations of DEX, from day 1 to day 5 ( Figure 5A ). Only trace amounts of the CAS protein remained in these cells at day 9 in control and DEX-treated hepatocytes. c-fos and cjun are not expressed in cultured hepatocytes 37, 38 whereas c-myc is constitutively expressed in these cells. 8 A recent study 39 revealed that c-Myc expression protected hepatocytes from TNF toxicity contradicting the general concept of c-Myc up-regulation as a proapoptotic signal. 18 As can be seen in Figure 5B , c-Myc expression is upregulated in DEXtreated human hepatocytes compared to untreated-hepatocytes. Similar results were obtained in rat hepatocytes.
Discussion
In this study we investigated the biochemical pathways leading to spontaneous apoptosis in primary cultures of human and rat hepatocytes and their modulation by dexamethasone (DEX). Current evidence suggests that there are two distinct pathways depending upon the stimulus leading to caspase activation that initiates the death programme : the mitochondrial and the death receptor pathway. (i) The activation of mitochondrial pathway 40 provokes outer mitochondrial membrane permeabilisation, which results in the release of proteins, such as cytochrome c, normally confined to the intermembrane space. Such proteins translocate from the mitochondria to the cytosol by a process controlled by Bcl-2 and Bcl-2-related proteins like Bcl-x L . 41 Once in the cytosol, the so-called apoptosome (cytochrome c/ Apaf-1/procaspase-9) is formed. Activated caspase-9 then triggers the proteolytic maturation of procaspase-3, setting of (7) or DEX as described below. Western blot analysis was performed with a polyclonal c-Myc antibody (75 ng/ml). Std., control Ponceau of protein loading and membrane transfer; Fold inductions were determined as described below for Figure 2 . MW, molecular weight (in kDa) the caspase activation 14 responsible for apoptotic cell death. (ii) The activation of the death receptor pathway provokes the activation of caspase-8 via the recruitment of proteins such as FADD which constitute the death-inducing signalling complex (DISC). 42, 43 Alternative pathways can trigger apoptotic cell death downstream of caspase-8. One implies the direct activation of other caspases, while the other requires the intervention of mitochondria, and therefore converges to the before-mentioned mitochondrial apoptotic pathway. 44 In this work, our data show that DEX protects primary human and rat hepatocytes against spontaneous apoptosis by modulating a mitochondria-dependent pathway (inhibition of cytocrome c release, and inhibition of the processing of caspase-9, -3 and -8) via inhibition of Bad translocation to mitochondria, decrease in Bax expression and an increase in Bcl-2 and Bcl-x L expression.
We found that caspase-9 is first activated, followed by caspase-8 and -3 activation in spontaneous hepatocyte apoptosis. These results are in accordance with the finding that, in cell extracts, caspase-9 is required for caspase-3 activation which in turn is required for caspase-8 activation, and participates in a feedback amplification loop involving caspase-9.
14,45,46 Moreover, recent gene targeting studies provide support for this model. Indeed, no downstream activation of caspase-8 is observed in CASP-9
7/713 and APAF1 7/7 thymocytes. 47 Once again, these observations lend support to the observations that caspase-8 is activated downstream of cytochrome c/Apaf-1. In our hepatocyte model, DEX contributes to delay spontaneous apoptosis by inhibiting this activation of caspases.
In addition, we found that DEX induced an increase in the expression levels of Bcl-2 and Bcl-x L proteins in human and rat hepatocytes, respectively. It has been shown that overexpression of Bcl-2 and Bcl-x L proteins prevents a wide variety of cells from undergoing apoptosis induced by apoptotic stimuli. 48, 49 Interestingly, DEX-inhibited apoptosis is accompanied by a decrease in Bax expression and the accumulation of Bad in the cytosol. Many proapoptotic members of Bcl-2 family are normally found in the cytosol and translocate, after a death signal, to the outer mitochondrial membrane where they act. 36, 50 It appears that, in addition to inhibiting cytochrome c release and processing of caspases, the regulation of Bcl-2, Bcl-x L , and Bax levels, and Bad translocation to mitochondria by DEX is the main pathway in inhibiting apoptosis in hepatocytes. Therefore, all these data are consistent with the idea that DEX mainly protects hepatocytes against spontaneous apoptosis by modulating a mitochondria-dependent pathway.
The family of Hsp proteins represents an important class of apoptosis regulatory gene products. Studies have shown that they inhibit apoptosis by a direct interaction with Apaf-1 and cytochrome c. 30 In this report, Hsp27 and 70 levels did not change by treatment with DEX indicating that the inhibitory mechanism of DEX on hepatocyte apoptosis may not be related to a regulation of caspase-9 via these proteins.
To exclude a role of the death receptor pathway in the activation of caspase-8, we investigated Fas, Fas-L and FADD expression since caspase-cascade initiating from caspase-8 has been extensively evaluated in Fas-mediated hepatocyte apoptosis. 10, 51 Increasing levels of these proteins are often associated with apoptosis. 52, 53 We observed that the levels of the Fas-L and FADD proteins did not change in control-and DEX-treated cells. These results are consistent with the idea that Fas-L and FADD are not involved in spontaneous hepatocyte apoptosis. In parallel, the level of Fas protein expression did not change in control-hepatocytes but increased following DEX treatment. In vivo hepatocytes express high levels of Fas protein. 54 Indeed, intravenous injection of anti-Fas antibodies in mice results in the death of the animals through massive liver damage. However, primary cultured hepatocytes are very refractory to anti-Fas antibody treatment (as compared with the in vivo situation), unless protein synthesis is inhibited. In our model, increasing Fas expression by DEX could restore a liver-specific function, by mimicking hepatocyte characteristics in vivo. Fas expression then decreases after day 5 upon DEX treatment coincident with a decreasing differentiated state.
CAS, c-Myc and TIAR proteins have been shown to play roles in apoptosis in various cell types, including hepatocytes. (i) In vivo, normal hepatocytes do not express CAS, however, CAS is only overexpressed in liver pathologies. 19 In our experiments, we observed a decrease in the expression of CAS in control and DEX-treated hepatocytes. These results are consistent with the idea that CAS protein is not involved in spontaneous apoptosis. (ii) Bcl-x L and Bcl-2 expression appears to be regulated by several transcription factors : NF-kB, AP-1, STATs and Ets transcription factors. 55 Moreover, NF-kB has been shown to be a positive regulator of c-Myc. 18 Liu et al, demonstrated that inhibition of c-Myc mediates hepatocyte sensibility to TNF toxicity independently of NF-kB. 39 In our study, DEX treatment leads to the upregulation of cMyc expression supportive that it contributes to protect hepatocytes against apoptosis. We also examined whether this overexpression was a consequence of NF-kB upregulation and found that DEX-treatment down-regulated NF-k DNA binding activity (data not shown). Thus, c-Myc is probably not a target of NF-kB in cultured hepatocytes. Future studies will be needed to investigate the implication of c-Myc and AP-1, Ets, STAT in the upregulation of cellular protective gene(s). (iii) TIAR protein increased in cytosol extracts during spontaneous apoptosis, correlating with the down-regulation of Bcl-2 and Bcl-x L . These events are delayed by DEX in a dose-dependent fashion. Taupin et al 29 , have observed a redistribution of TIAR from nucleus to cytosol during lymphocyte apoptosis. Therefore, this redistribution occurring in hepatocytes may reflect a general feature of the apoptotic programme.
The results presented in this paper show that DEX inhibits spontaneous apoptosis in human and rat hepatocytes via a mitochondria-dependent mechanism. In human and rat hepatocytes, increased expression of Bcl-2 and Bclx L proteins, respectively, diminution of Bax expression and inhibition of Bad translocation to the mitochondria prevent cytochrome c release to the cytosol, activation of caspases-9, -3 and -8, and TIAR redistribution. A summary of the proposed model is presented in Figure 6 . We speculate that arresting the mitochondrial pathway, as we observed with DEX and hence increased survival of primary hepatocytes, will enhance hepatocyte survival ex vivo, thereby enabling future clinical applications (liver transplantation, gene transfer) and drug treatment, toxicology and even cell therapy studies to be possible.
Materials and Methods

Materials
Williams' medium E, foetal bovine serum (FBS), DNAzol Reagent, and agarose 1000 were obtained from Gibco BRL (Life Technologies, Paisley, UK) and penicillin/streptomycin from BioWhittaker (Cambrex Company, Walkersville, USA). Collagenase and guanidine thiocyanate were from Boehringer Mannheim (Mannheim Corp; Sydney, Australia), insulin from Nova Nordisk (Nova Nordisk A/S, Bagsvaerd, Denmark) and PicoGreen and RiboGreen from Molecular Probes (Eugene, Oregon, USA). All other chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise specified.
Hepatocytes isolation
Hepatocytes from human surgical liver biopsies (resected from secondary tumours) and from rat liver were isolated by collagenase disruption. 56 Isolated cells were plated on collagen type I-coated dishes in medium I consisting of Williams' medium E with 10% FBS, penicillin (50 U/ml), streptomycin (50 mg/ml) and insulin (0.1 UI/ml). Hepatocyte viability was determined by the Erythrosin B exclusion test, and was at least 80%. Hepatocytes were incubated 4 h at 378C in a humidified atmosphere with 95% air and 5% CO 2 , allowing cell attachment to plates. Medium was changed at that time and replaced by medium II which was identical to the first except that it did not contain serum and was supplemented with hydrocortisone hemisuccinate (1 mM) and bovine serum albumin (240 mg/ml) with or without dexamethasone (0.01 to 50 mM).
Cell treatment
Human and rat hepatocytes were seeded (100 000 cells/well) on 96-well plates (MTT test), and 60 mm Petri dishes (caspase activities, Western blot, (2.2610 6 cells per plates)). Hepatocytes were treated over a 9-day period (one treatment every 24 h) with 0.01 ± 50 mM DEX 9,57 which was prepared in dimethylsulfoxide (DMSO) as a carrier and was added directly to cultures when changing the culture medium. The final DMSO concentration never exceeded 0.25% (v/v).
In vitro assay for viability
Cell viability was determined by a colorimetric assay 7 based on the ability of viable cells, but not dead cells, to reduce 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT). This reaction generates a dark blue formazan product. MTT, dissolved in Williams' medium E at 0.5 mg/ml, was added to each well of the plate, then the plate was incubated at 378C for 2 h. The absorbance at 550 nm was measured using a microplate reader (MR 7000, Dynatech Laboratories, Inc. USA).
Analysis of cytochrome c release and Bad translocation
Hepatocytes were scraped off in isotonic isolation buffer (1 mmol/l EDTA; 250 mmol/l sucrose, 10 mM HEPES, pH 7.6), collected by centrifugation at 2500 g for 5 min at 48C and resuspended in hypotonic isolation buffer (1 mmol/l EDTA; 50 mmol/l sucrose, 10 mM HEPES, pH 7.6). 58 Then, cells were incubated at 378C for 5 min and homogenised under a teflon pestle. Hypertonic isolation buffer (1 mmol/l EDTA; 450 mmol/l sucrose, 10 mM HEPES, pH 7.6) was added to balance the buffer's tonicity. Samples were centrifuged at 2000 for 5 min at 48C. Supernatants were recovered and centrifuged again at 10 000 g for 10 min. Pellets contained the mitochondrial fraction, which was resuspended in isotonic isolation buffer, and supernatant contained the cytosolic protein extract. Mitochondrial contamination of the cytosolic fraction was determined by Westen-blot analysis of Hsp60 (as described below).
Caspase activity measurement
Cells were treated as indicated above. After treatments, the Petri dishes were placed on ice and the cells scraped and resuspended in buffer A containing the protease inhibitor cocktail (25 mM HEPES pH 7.5, 5 mM MgCl 2 , 5 mM EDTA, 5 mM DTT, 2 mM PMSF, 10 mg/ml leupeptin, 10 mg/ml pepstatin A). The cell suspension was lysed by four freeze-thaw cycles. Homogenates were centrifuged at 14 000 r.p.m. for 20 min and the protein concentrations of the supernatants were determined by the BCA Protein Assay Kit (Pierce, Figure 6 Summary of the proposed mechanism for spontaneous apoptosis in human and rat hepatocytes. When primary human and rat hepatocytes are cultured ex vivo, a few days after seeding and without the addition of an exogenous pro-apoptotic stimulus, bcl-2 and bcl-x L , respectively, are downregulated while Bax is expressed. This would contribute, with the translocation of Bad to the mitochondria, to the release of cytochrome c, activation of caspase-9, caspase-3 and caspase-8. Factors, such as dexamethasone (DEX), which are able to up-regulate Bcl-2 and Bcl-x L , down-regulate Bax, and inhibit Bad translocation to the mitochondria contribute to inhibit the activation of the caspase cascade in a caspase-9-dependent manner thereby preventing spontaneous apoptosis in human and rat hepatocytes Rockford, IL, USA). Equal amounts of supernatants were mixed in a microtiter plate with 2 ml of 2.5 mM Ac-DEVD-AFC, in buffer B (312.5 mM HEPES pH 7.5, 31.25% sucrose, 0.3125% CHAPS). The caspase-3-like activity in cell lysates was evaluated by measuring proteolytic cleavage of fluorometric substrate Ac-DEVD-AFC (Alexis Corporation, San Diego, CA, USA). 59 The fluorometric assay detects the shift in fluorescence emission of AFC after cleavage from DEVD-AFC as measured in a fluorometer (l ex =390 nm; l em =530 nm (Fluorolite 1000, Dynatech Laboratories)). In order to calculate caspase 3 specific activity, the fluorescence value obtained in the presence of the specific inhibitor (DEVD-CHO) was subtracted from that in the absence of inhibitor.
Western blot analysis
Hepatocytes were lysed in RIPA buffer supplemented with 0.1% SDS. The protein concentration in each cell lysate was measured by a commercial method (BCA Protein Assay Kit), 60 , using BSA as the standard. Fifty micrograms of total protein were resolved on 10 to 12.5% SDS-polyacrylamide gels and blotted on PVDF membranes (Amersham Life Science, Buckinghamshire, UK). Following staining with Ponceau S (0.5 in 1% acetic acid) to verify loading equivalency and transfer efficiency, membranes were treated with T-TBS (Trisbuffered saline with detergent, 10 mmol/l Tris-HCL (pH 7.5), 140 mmol/l NaCl, 0.05% Tween 20) containing 6% nonfat dry milk for 1 h at 378C to block non-specific sites. The membrane was then incubated for 1 h at room temperature with the primary antibody in T-TBS containing 3% BSA. The membrane was washed three times with T-TBS, reacted with horseradish peroxidase-conjugated secondary antibodies (anti-mouse immunoglobulin G or anti-rabbit immunoglobulin G, Promega, Madison, WI, USA and anti-goat immunoglobulin G, TEBU International, France) for 1 h at room temperature. After washing with T-TBS, the blot was reacted using an ECL 1 detection kit (Amersham Life Science). Autoradiography was then performed on the membrane using BIOMAX ML film (Eastman Kodak, Rochester, NY, USA). The blot was reprobed with the following antibodies from Transduction Laboratories: human and rat monoclonal anti-Bcl-2 antibody (clone 7, Transduction Laboratories, Lexington, KY, USA); rat monoclonal anti-Bcl-x antibody (clone 4); human and rat monoclonal anti-Bad antibody (clone 32); human monoclonal anti-procaspase 3 antibody (clone 19); human and rat monoclonal anti-CAS antibody (clone 24); human monoclonal anti-FADD antibody (clone 24); human and rat monoclonal anti-Fas antibody (clone 13); human and rat monoclonal anti-Fas-L antibody (clone 33); human and rat monoclonal anti-TIAR antibody (clone 6). The blot was reprobed also with rabbit polyclonal anti-rat procaspase-3 antibody (Upstake Biotechnology Inc., Lake Placid, NY, USA); human and rat polyclonal antibody procaspase-9 (StressGen Biotechnologies Corp., Canada); human and rat polyclonal anti procaspase-8; Hsp27, Hsp60 and Bax (clone SC-526) antibodies (TEBU); human and rat polyclonal anti-Hsp70 antibody (Euromedex, France), human polyclonal c-Myc antibody (Santa Cruz). Monoclonal anti-cytochrome c is from Zymed Laboratories (San Fransisco, CA, USA). Anti-b Tubulin (clone 2.1) antibody is from Sigma. Each band was quantified using a densitometer.
Statistics
The data are expressed as means+standard deviations (SD). Statistical significance of differences between various samples was determined by Mann-Whitney U-test. The levels of probability are noted (* =P50.05 or **=P50.001).
